Cellular processes are mediated by complex networks of molecular interactions. Dissection of their role most commonly is achieved by using genetic mutations that alter, for example, protein-protein interactions. Small molecules that accomplish the same result would provide a powerful complement to the genetic approach, but it generally is believed that such molecules are rare. There are several natural products, however, that illustrate the feasibility of this approach. Split-pool synthesis now provides a simple mechanical means to prepare vast numbers of complex, even natural product-like, molecules individually attached to cell-sized polymer beads. Here, we describe a genetic system compatible with split-pool synthesis that allows the detection of cellpermeable, small molecule inhibitors of protein-protein interactions in 100-to 200-nl cell culture droplets, prepared by a recently described technique that arrays large numbers of such droplets. These ''nanodroplets'' contain defined media, cells, and one or more beads containing Ϸ100 pmol of a photoreleasable small molecule and a controlled number of cells. The engineered Saccharomyces cerevisiae cells used in this study express two interacting proteins after induction with galactose whose interaction results in cell death in the presence of 5-f luoroorotic acid (inducible reverse two-hybrid assay). Disruption of the interaction by a small molecule allows growth, and the small molecule can be introduced into the system hours before induction of the toxic interaction. We demonstrate that the interaction between the activin receptor R1 and the immunophilin protein FKBP12 can be disrupted by the small molecule FK506 at nanomolar concentrations in nanodroplets. This system should provide a general method for selecting cell-permeable ligands that can be used to study the relevance of protein-protein interactions in living cells or organisms.
Small molecule ligands have been invaluable in exploring the cellular function of proteins (1) (2) (3) (4) (5) . Binding of these ligands causes activation or inactivation of their target proteins, analogous to effects produced by gain-or loss-of-function mutations in the corresponding genes. Conditional mutations such as temperature-sensitive alleles (ref. 6 and references therein) or dominant negative mutations (7) , have been found to be especially useful. Use of cell-permeable small molecule ligands to alter protein function is attractive because of an inherent conditionality-the cellular activity of the target proteins can be controlled simply and rapidly by adding or removing the compound.
Genome sequencing projects are uncovering a large number of novel proteins with unknown functions. Understanding the functions of every protein encoded by a genome is a primary goal of biology (8) . Systematic gene knockout experiments in the yeast Saccharomyces cerevisiae currently are underway to generate Ϸ6,000 deletion strains (9) . One of the limitations of this approach is that an even larger number of strains will need to be constructed with multiple gene deletions to study genetic epistasis. An alternative is to alter the function of the gene products directly through the use of small molecule ligands. Ligands for different proteins can be used in combination to activate or inactivate their target proteins either sequentially or simultaneously. The diversity in small organic compounds that can be generated by combinatorial chemistry (10) promises to match the diversity in natural protein targets. By splitting and then pooling reaction vessels during a multistep synthesis (split-pool) (11) , one bead-one compound libraries of enormous size and diversity can be generated whereas encoding techniques (12) (13) (14) can reveal the synthesis history and therefore identity of each compound, retrievable by sequencing the encoding tags. The linking of compounds to polymer beads by photocleavable chemistry (15) permits functional assays in solution after photolysis, and decoding allows subsequent identification of active compounds. By these means, it is possible that small molecule ligands might one day be found for any protein encoded by a genome.
Protein-protein interactions are the basis of numerous cellular processes. Inappropriately constitutive interactions can result in neoplastic states (e.g., see ref. 16 ). The ability to interfere with these interactions will lead to an understanding of the normal processes and possibly to the control of medical disorders. The view that protein-protein interactions are difficult to disrupt by small organic compounds has been reinforced by the general lack of success thus far in screens for such inhibitors. Progress might be achieved with improved methods for the split-pool synthesis of natural product-like compounds and effective methods for their screening. We now report a genetic system compatible with split-pool synthesis to identify cell-permeable, organic compounds that disrupt specific protein-protein interactions.
The yeast two-hybrid system (17) has proven to be a powerful genetic method for identifying novel protein-protein interactions (18) (19) (20) (21) (22) . Variants such as the one-hybrid (23, 24) and three-hybrid (25-29, 46, 47) systems have also been developed for detecting protein-DNA, protein-RNA, proteinprotein, or protein-small molecule interactions. Recently, reverse two-hybrid (30-31) and split-hybrid (32) assays have been reported that select for mutations in the interacting proteins or for other proteins that disrupt a given proteinprotein interaction. The possibility of using these systems to discover small molecules that disrupt protein-protein interactions has been suggested by these authors. There are, however, several problems that necessitate the development of a modified genetic selection system.
The first problem is that the interacting proteins should be expressed in an inducible way such that the potential small molecule inhibitor is present before the synthesis of the toxic reporter gene product. In selecting for mutations or other proteins that prevent protein-protein interactions, transformants that produce noninteracting proteins will survive (30, 31, 48) . But small molecule screens require the presence of the wild-type interacting forms, which is lethal to the cell. We have solved this problem by constructing an inducible reverse two-hybrid system using Gal and the GAL1 promoter (33) to induce expression of the interacting proteins over a period of hours while using UV irradiation to release potential small molecule inhibitors over a period of seconds.
The second problem is that, although small molecule screens will best be performed in liquid culture, cross-feeding of amino acids can occur between cells harboring selectable markers encoding enzymes that are critical for amino acid biosynthesis. This can lead to viability by stochastic loss of a plasmid encoding one of the interacting proteins rather than by small molecule-based disruption of the protein-protein interaction. Although chromosomal integration of two-hybrid plasmids might in principle solve this problem, it is impractical when a systematic screen with all protein-protein pairs in the proteome is considered (34) . We have instead solved this problem by substituting antibiotic resistance markers for the auxotrophic markers used in previous reverse two-hybrid and splithybrid systems.
Two other problems are caused by the facility with which small molecules rapidly diffuse in liquid culture and by the fact that the quantities of compounds attached to individual beads after split-pool synthesis are miniscule (Ϸ100 pmol). We have solved both of these problems by using recently developed techniques for generating large numbers of small volume (Ϸ100-200 nl) droplets (nanodroplets) that contain beads, cells, and defined media (35, 36) . These miniaturization techniques allow large numbers of cell-based assays to be performed in liquid culture without complications arising from diffusion, and the techniques provide high concentrations of ligands through the photochemically controlled release of compounds from individual beads.
In this paper, we report a ''small molecule reverse twohybrid system'' ( Fig. 1) for selecting small molecule inhibitors of protein interactions. In this system, the interaction between one protein fused to the LexA DNA-binding domain and another fused to the B42 transcriptional activation domain (AD) recruits the AD proximal to a promoter containing LexA binding sites upstream of a URA3 reporter gene. Both expression constructs are repressed by the presence of Glc in the media and activated by shifting to Gal-containing media. The Ura3p-expressing cells are killed in medium containing the pro-toxin 5-fluoroorotic acid (5-FOA) (49) . If a small molecule (L) disrupts the intracellular protein-protein interaction, proximity of the AD to the promoter is removed, and transcription of the URA3 gene is diminished, allowing cell survival in 5-FOA. To demonstrate the feasibility of detecting small molecules that disrupt protein-protein interactions by genetic means, the association of FKBP12 with R1 of the transforming growth factor ␤ receptor superfamily type I receptor (37) was disrupted by nanomolar concentrations of FK506 both on an agar plate and in nanodroplets. This system should facilitate the discovery of small molecule ligands both as research tools and therapeutic agents.
MATERIALS AND METHODS
General. Standard protocols for molecular biology (38) and yeast genetics (39) 
To generate the LexAop-URA3 reporter construct ( Hanes, SUNY-Albany) containing four copies of the LexA operator from the ColE1 gene was inserted into pJH1 at the HindIII and EcoRI sites, generating pJH3 ( Fig. 2 A) .
In EGY48 and EGY191 strains (19) , although the nature of the ura3 mutation is not known, the similarity in size to the wild-type gene and the presence of nucleotides Ϫ257 to Ϫ228 and 885 to 851 was revealed by PCR (unpublished result). These sequences were used in the reporter constructs ( Fig.  2 A) . This permits a double-crossing over event necessary for gene replacement. Approximately 10 g of the reporter plasmid pJH3 was digested with AatII and SmaI and desalted by FIG. 1. General schematic of the inducible (small molecule) reverse two-hybrid system designed to detect small molecule inhibitors of protein-protein interactions. The expression of the interacting proteins is controlled by the GAL1 promoter, which is repressed in Glc. After Gal induction, the two interacting protein partners are synthesized, and their association in turn induces the synthesis of a toxic gene product, leading to death, unless an inhibitor of the protein-protein interaction is present in the cell. Only cells with this disruption should be selected. (19) , and the 5-kb EcoRI 3 KpnI fragment of pPC86 (42) . p2GLex was generated by replacing the 3.9-kb ScaI 3 EcoRI partial Amp-pBR ori-ADH1 promoter-LexA fragment of pEG202 with the 2.9-kb ScaI 3 EcoRI partial Amp-ColE1 ori-GAL1 promoter-LexA fragment from pCGLex. To construct pCGB42, pJG4-5 was cut with KpnI, blunted with Klenow, and ligated with an ApaI linker; the 0.53-kb ApaI 3 EcoRI GAL1 promoter-B42 sequence was then ligated to the 6.5-kb EcoRI 3 ApaI fragment of pPC16 (42) .
Four corresponding vectors were generated by replacing TRP1 or HIS3 genes from the above plasmids with antibiotic resistance markers. The LexA fusion vector uses the Streptoalloteichus hindustanus bleomycin gene encoding resistance to zeocin, as a selectable marker in both Escherichia coli and S. cerevisiae. The B42 fusion vector uses the E. coli transposon Tn903-encoded kanamycin resistance (aminoglycoside phosphotransferase) gene (43) as a selectable marker, which confers resistance to geneticin in S. cerevisiae. Further details of this construction will be made available on request.
Beads Linked to FK506. FK506 was attached to S NH 2 beads (Rapp Polymere) through a photolabile linker (15) via an olefin linkage at the C21 side chain of FK506 (Derek S. Tan and S.L.S., unpublished results).
Reverse Two-Hybrid Assays for Small Molecule Inhibition of Protein-Protein Interaction. Yeast reporter strains were transformed with 0.5 g of each two-hybrid plasmid DNA. After transforming cells with plasmids containing Zeo-r and Kan-r markers, the cells were resuspended in 1 ml yeast extract͞peptone͞dextrose and incubated at room temperature for 3 h to allow expression of the antibiotic resistance genes before plating on selective medium-yeast extract͞peptone͞ dextrose containing 200 g͞ml each of zeocin (Invitrogen) and geneticin (Sigma). Double transformants were picked for protein-protein interaction or dissociation assays.
RESULTS
Construction of an Inducible Reverse Two-Hybrid System. The ideal genetic system would have a reporter that converts a desired small molecule-dependent event into a positive growth phenotype instead of a negative loss of growth phenotype because detection of growth already ensures that the rescuing compound is not cytotoxic. We constructed vectors encoding a DNA-binding domain (LexA) fused to one protein (A) and an AD (B42) fused to another protein (B) (Fig. 1) . Expression of the two-hybrid proteins is controlled by the GAL1 promoter. The use of a Gal-inducible system requires that the Gal metabolism pathway be intact in the yeast strain. This rules out the use of the Gal4 DNA-binding domain-based forward or reverse two-hybrid yeast strains (e.g., ref. 31) and one LexA-based system (21, 32) in which the GAL4 and GAL80 genes are inactivated. The other LexA-based system, the EGY series of yeast strains (19) , has intact pathways for Gal metabolism. It also contains a superior forward reporter gene, LEU2, and it was therefore used as the starting point for the construction of inducible reverse two-hybrid strains. URA3 (orotidine-5Ј-phosphate decarboxylase) gene was chosen as the reverse reporter gene because it is the best among several markers capable of double selection (39) . Also, the fusion of SPO13 promoter to the URA3 ORF has been reported to generate a reporter construct with very low basal levels of transcription (31) .
A LexAop-URA3 reporter yeast strain, YL(6, 4)LU, was constructed by replacing the ura3 locus in EGY48 (19) with the LexAop 4 -SPO13TATA-URA3 reporter construct (Fig. 2 A) , which contains four ColE1-type LexA operators upstream of a SPO13 promoter-URA3 fusion reporter gene. The resulting strain contains two chromosomal reporters, the original LEU2 and the new URA3, driven by six and four LexA operators, respectively (Fig. 2B) . The presence of two distinct reporter genes, having only the LexA operator sequences in common, provides a means to reduce false-positives in two-hybrid assays. Another reporter strain, YL(2, 4)LU, was constructed similarly from EGY191 (19) with two and four LexA operators driving LEU2 and URA3 reporters, respectively (Fig. 2B) . The presence of LexA operator sites on a promoter other than the one directing the expression of the reporter gene being assayed allows further modulation of the transcription of the reporter gene, depending on the relative number of LexA binding sites in each promoter (unpublished data). Cells that carry the two-hybrid protein expressing vectors are induced to express the interacting proteins and are selected against in 5-FOA containing medium. Only cells that have acquired a small molecule that prevents the two-hybrid interaction will fail to express Ura3p and be able to grow on 5-FOA-containing media. For this assay to succeed, the cells must not have already accumulated the stable (unpublished data; see also ref. 44 ) Ura3p protein, e.g., during the establishment of double transformants if the two-hybrid proteins are constitutively expressed.
FK506 Inhibits R1-FKBP12 Interaction on Agar in the Small Molecule Reverse Two-Hybrid System. We tested this system by using the natural product FK506, which is known to interfere with the interaction between FKBP12 and the transforming growth factor ␤ type I receptor R4 by binding to FKBP12 (37) . This protein-protein interaction is one of many discovered through the use of the forward two-hybrid screen.
We challenged the system with the stronger protein-protein interaction (37) between FKBP12 and R1, an activin receptor of the transforming growth factor ␤ type I receptor superfamily. The cytoplasmic domain of R1 [R1(C)] was fused to the LexA DNA binding domain, and FKBP12 was fused to the B42 activation domain.
As shown in Fig. 4A , transformants containing both hybrid proteins showed readily detectable growth in Gal medium lacking Leu or Ura, indicating that both reporter genes were expressed. Transformants lacking either one of the proteins did not grow, indicating that reporter gene expression was dependent on both interacting partners. The growth pattern on the 5-FOA͞Gal plate is complementary to that on the Ura dropout plate, indicating that negative selection using URA3 was observed as expected. Only cells expressing both interacting proteins failed to grow on these plates. As a control, we used 5-FOA͞Glc plates in which the fusion proteins were not expressed, and none of the transformants failed to grow. The lack of growth in 5-FOA͞Gal medium for FKBP12-R1 double transformants can be suppressed by the addition of FK506 in a concentration-dependent manner. The experiments presented in Fig. 4A were performed using expression vectors carrying auxotrophic markers. Similar results were obtained with corresponding vectors carrying antibiotic resistance markers (data not shown). In these experiments, zeocin and geneticin were added to the medium instead of dropping out His and Trp. To rule out the formal possibility that the effect of FK506 may result from other modes of action, such as direct inhibition of Ura3p activity, prevention of LexA DNA binding, or B42 AD function, we added FK506 to LexA-B42 transformants. Death on 5-FOA plates caused by this activator was not overcome by FK506 (Fig. 4B) . Thus, the rescue by FK506 is specific to the FKBP12-R1 complex. Presumably FK506 binding to FKBP12 displaces R1(C) from the protein complex.
Despite the abundance of endogenous FK506-binding proteins, the interaction of R1(C) and FKBP12 in this inducible reverse two-hybrid system is highly sensitive to inhibition by FK506: 30 nM FK506 rescues the lethality of the double transformants in 0.2% 5-FOA. That FK506 can inhibit the interaction between R1 and FKBP12 is consistent with the previous observation, in the forward two-hybrid assay using ␤-galactosidase as a reporter, that the weaker interaction between R4 and FKBP12 is inhibited by FK506. In these experiments, 1 M FK506 inhibited ␤-galactosidase activity by 50% (37) . However, using a forward reporter in a related assay, we failed to detect an inhibitory effect on R1 and FKBP12, using up to 5 M of FK506 (a concentration that partially inhibits yeast growth). A possible explanation for this difference in detection sensitivity may be that, in the forward two-hybrid assay, if even a fraction of R1-FKBP12 protein complexes remains intact, the reporter gene product (and thus the missing amino acid) can continue to be synthesized. This would allow cell growth, albeit at a reduced rate. The reduced sensitivity of the forward vs. reverse two-hybrid assay suggests that the split-hybrid system (32) may be difficult to adapt to small molecule screening because the reduction in the repressor resulting from incomplete disruption by an inhibitor may be insufficient to derepress the auxotrophic reporter gene. In contrast, in the reverse two-hybrid assay, the total amount of 5-FOA in the medium is fixed. A threshold concentration of 5-FOA can be established so that a significant difference in the cellular Ura3p levels will be translated into a life-or-death difference. For example, with R1 and FKBP12, we found that lowering the 5-FOA concentration from 0.1 to 0.05% abolished its differential toxicity to cells expressing both proteins and control cells expressing only one of the two proteins. Also, preculturing cells in Gal for 2 h renders the cells sensitive to 0.1% 5-FOA despite the presence of 0.1 M FK506. This observation again emphasizes the importance of inducible protein expression for small molecule screening.
FK506 Disruption of R1-FKBP12 Interaction Can Be Selected in Liquid Medium Using Arrayed Nanodroplets. Two techniques recently have been developed to generate large numbers of tiny droplets of Ϸ100-to 200-nl vol (called nanodroplets) containing synthesis beads, defined media, and a controlled number of cells (35, 36) . In Fig. 4C , we performed the small molecule disruption experiment in arrayed nanodroplets. Growth in 5-FOA for FKBP12-R1 double transformants was observed only in droplets that contained a bead (purple͞ brown color) covalently linked to FK506 that had been irradiated with long wavelength UV light to release FK506. For this proof-of-principle experiment, we attached a natural product, FK506, to the beads covalently using a photolabile linker, in analogy to previous synthetic libraries of greater than 1 million encoded compounds (45) .
DISCUSSION
The split-pool synthesis strategy offers an opportunity to develop new biological reagents that can facilitate an understanding of the cellular function of proteins. One possibility is to use small molecule ligands to disrupt specific proteinprotein interactions in cells. We have developed a genetic system to select small organic compounds that have this property.
We have used the Gal-inducible promoter from the GAL1 gene to control the expression of one or both of the interacting proteins. This ensures that expression of the proteins is repressed in Glc medium during the establishment of the double transformants. When cells are switched to Gal medium containing both 5-FOA and beads covalently attached to small molecules, the fusion proteins are synthesized in Ϸ3 h. By using a recently developed method to convert the medium mixture into a large collection of tiny droplets containing the individual beads and engineered cells, many experiments can be run simultaneously. UV irradiation of a collection of such nanodroplets (Ϸ6,500 in a standard 10-cm dish) results in the release of the small molecules into the nanodroplets. Because the preparation of droplets and release of compounds occurs within minutes, the inhibitors are present long before the synthesis of the toxic combination of interacting proteins. In the proof-of-concept experiment reported herein, the natural product FK506 was released into nanodroplets containing cells that several hours earlier had been induced to express the toxic combination of interacting proteins FKBP12 and the cytoplasmic tail of the activin receptor R1. Cells were able to grow only in nanodroplets containing the released FK506, indicating that the ability of FK506 to disrupt this protein-protein interaction can be detected by the appearance of microcolonies in the nanodroplets (Fig. 4) . The assay can be adjusted in terms of the selection of the carbon source, plasmid replication origin (Fig.  3) , promoter, and the number of LexA-binding sites. These parameters could be important when, for example, proteinprotein interactions of varying affinity are under consideration.
Several three-hybrid systems have been reported that use small molecule dimerizers to recruit an AD to a DNA-binding domain, thereby up-regulating the transcription of a target gene (27) (28) (29) 35) . In one case, this type of system was used to isolate cDNAs encoding proteins that bind to a known small molecule (29) and, in conjunction with a method to prepare small droplets containing beads and cells (35, 36) , it might also be used to expedite isolation of small molecules that can bind to any protein fused to an AD (35) . A variation on this theme also was used to detect the intracellular binding of a small molecule to a protein by recruiting a nuclear localization sequence to a target protein fused to green fluorescent protein, thereby causing fluorescence previously observed in the cytoplasm to be restricted to the nucleus of the cell (27) . These types of screens have the potential for discovering a wide range of small molecules that bind various regions of a protein target. However, such assays require the use of dumbbell-shaped small molecules comprised of a constant "anchor" end and a variable ''presented'' end. The requirement for the two linked ends might affect functional groups that could otherwise interact with target proteins and might diminish cell permeability relative to the smaller monomeric entities. In contrast, the reverse two-hybrid format described here results in the selection of unmodified ligands, free of the anchor end. The ligands that are recovered should act specifically on one of the two chosen interacting domains. These two methods should complement each other in efforts to discover small ligands with biological and medical consequences.
Future Applications. The number of interacting protein pairs to be screened by the small molecule reverse two-hybrid system at the same time need not be limited, nor is the assignment of their identities necessary before carrying out the screen. In principle, a forward two-hybrid screen could be performed using a target protein and LEU2 or the forward URA3 as a reporter gene; the positive colonies would then be gathered, expression would be silenced by incubating in Glc, and a small molecule reverse two-hybrid screen would then be performed. Alternatively, a library containing all interacting 13400 Chemistry: Huang and Schreiber Proc. Natl. Acad. Sci. USA 94 (1997) components of a proteome (34) might be used as the starting material for a small molecule interference screening. In this scenario, each nanodroplet would contain the full collection of protein pairs and one synthesis bead. The collection of protein-protein interactions can be screened simultaneously because only combinations in which a given compound interferes with a given protein-protein interaction should give rise to a colony. The compound may be identified by decoding tags attached to the bead and the protein pairs by sequencing the plasmid from the colony. It also should be possible to extend the technique to interactions between a protein and other types of ligands (such as nucleic acids, carbohydrates, and second messengers). The small molecule reverse two-hybrid system should facilitate efforts to combine the power of yeast genetics and combinatorial chemistry. The ultimate goal is to reach the point where ligands are available that alter the function of any target protein, with high specificity and affinity.
